Introduction {#sec1-1}
============

Examining how information is coded at the level of neuronal networks is important for understanding nervous system function. Since the 1980s, microelectrode array (MEA) technology has been used to study neuronal networks. With this technology, neuronal signals can be transferred to peripheral circuits, enabling assessment of the generation, processing, and transmission of neural signals in neuronal networks (Steve, 2001; Wu and Wu, 2006; Liu et al., 2014). In the present study, we cultivated neural networks *in vitro*. Aside from the culture pattern, the growth of neural networks *in vitro* is mostly random. A high-throughput MEA can be used to assess the electrophysiological characteristics of a neural network with random and natural growth. Researchers can choose to use electrodes for stimulation or probing according to the specific characteristics of the neural network, which is grown on the MEA.

Currently, MEA applications mainly focus on electrical stimulation, toxicology, and drug screening (Otto et al., 2003; Danny et al., 2004; Micholt et al., 2006; Johnstone et al., 2010; Hill et al., 2010; Shein et al., 2010; Chong et al., 2011; Gonzalez-Sulser et al., 2011; Hogberg et al., 2011; Quintero et al., 2011; Chang et al., 2012; Monica et al., 2012; Frega et al., 2014; Shmoel et al., 2016). The way in which various factors affect the electrical activity of neuronal networks is an important topic. However, electrical stimulation is regarded mostly as a routine experimental condition used to induce action potentials or as an experimental way to modulate the electrical activity of neuronal networks. Such experiments primarily examine the degree of development of neuronal networks and the generation of spontaneous action potentials or other intrinsic properties. To date, no studies that used electrical stimulation as a reference parameter have evaluated the influence of extrinsic factors on neuronal networks.

Electrical signals in neural networks can be divided into two categories: spontaneous and evoked signals. Spontaneously generated signals have the following characteristics:

1)The signals are random in terms of shape and bursting site due to variability in connectivity, synaptic development, and the number and distribution of ion channels (Bean, 2007).2)The temporal release pattern of a signal is related to the developmental period of the neural network. A neural network completes the basic link and begins to generate a low-frequency random-occurring signal *in vitro* after one week of cultivation, but no synchronous activity is present until the culture is at least two weeks old. The number and the strength of the synaptic connections in a cultured neuronal network will increase with the development. In the correlation studies of neural signal, it is indicated that a basic functional synaptic connection between neurons has been formed already, when a random spontaneously-generated or an impulse-stimulated neural signal can be observed in the neuronal network. Neural networks begin to produce synchronous activities *in vitro* at 3 weeks. During weeks 4 to 7, the spontaneous signal increases in frequency and activity in neural networks becomes synchronized. After 7 weeks, electrical activity in neural networks becomes complicated and random, and synchronization gradually diminishes (Van et al., 2004a, b; Ito et al., 2013; Bikbaev et al., 2015).

In contrast, evoked signals have the following characteristics:

1)Evoked signals are relatively stable in terms of synchronism, occurrence rate, amplitude, and duration due to similarities between the neural networks and the range of options for controlling the stimulation.2)Thresholds above which a stimulus intensity can begin to elicit neural networks to generate one or more synchronous action potentials (Radivojevic et al., 2016) can be defined.3)Evoked action potentials are mainly composed of postsynaptic potentials. Structural complexity in normally-cultured neural networks can counteract variability in individual neurons. Therefore, relatively stable stimulus intensity thresholds exist for neural networks with good coupling to the MEA. This phenomenon has been used to format logic gates (Feinerman et al., 2008; Soriano et al., 2008; Cohen et al., 2010).

In previous studies by our group, we found that the threshold stays constant in normal culture conditions (typical culture medium, 37°C temperature, and defined developmental cycle), but is influenced by individual or associated factors, such as drug applications and temperature. Therefore, the threshold can be used as a scale to measure the degree of influence of individual or associated factors.

Previous studies have shown that the efficacy of electrical stimulation depends on the amplitude, length, and waveform of stimulus signals. In this study, we chose a biphasic asymmetrical voltage pulse as the electrical stimulation signal. The duration of the positive phase was 10 times that of the negative phase, but its amplitude was one tenth that of the negative phase, providing near balance of charge for the two phases. Asymmetric biphasic voltage pulses with the positive phase first followed by a negative phase have higher stimulation efficiency and can effectively avoid "electrochemical damage" and "anodic break excitation", thus reducing nerve injuries (Brummer et al., 1977; Shen et al., 2001; Wagenaar et al., 2004; Egert et al., 2008; Weihberger et al., 2011, 2013). A unidirectional pulse causes an imbalance of anions and cations in the vicinity of the electrodes, which in turn causes electrochemical damage to the nerve. A bidirectional symmetric pulse will form a strong depolarization region near the anode electrode which can also produce excitatory stimuli to the nerve, when the amplitude is increased to a certain degree. Therefore, bidirectional asymmetric pulses have been used in our study.

Here, we report the results of experimentation with our Voltage Threshold Measurement Method (VTMM), which is introduced for the first time in this paper. Our system enables quantitative evaluation of the influence of individual or associated factors on the electrical excitability of a target/candidate neuronal network. We sough to validate the quantification, reliability, and simplicity of this method. We chose acetylcholine (ACh), ethyl alcohol (EtOH), and temperature as influencing factors due to the large body of previous work on these variables. We measured the influence of these factors on electrical excitability in a hippocampal neuronal network and hippocampal slice preparation using the VTMM.

Materials and Methods {#sec1-2}
=====================

Measurement setup {#sec2-1}
-----------------

The VTMM system is shown in **[Figure 1](#F1){ref-type="fig"}**.

![Block diagram showing our Voltage Threshold Measurement Method (VTMM) system.\
The arrow and block with a dashed line denote a more sophisticated recording set-up that was for cross-validation and not necessary to the operation of the VTMM system.](NRR-13-1026-g002){#F1}

A voltage pulse generator (Agilent 33220A, Palo alto City, CA, USA) is used as the electrical stimulator. The core part of the system is an MEA module, which includes a glass-based 60-electrode MEA (Multi Channel Systems, Reutlingen City, Baden-Württemberg, Germany) with electrode diameters of 10 µm and spacing of 100 µm, an MEA holder (MEA1060, Multi Channel Systems, Baden-Württemberg, Germany) with a temperature controller (TC01, Multi Channel Systems, Baden-Württemberg, Germany), and a multi-channel neural signal amplifier (Cerebus Front-End Amplifier, Salt Lake City, UT, USA). The MEA module holds the cultured neuronal networks or dissected brain slices. The impulse sequence from the generator is applied to one electrode in the MEA and the other electrodes are used to detect the evoked action potentials. The MEA outputs are connected to the multi-channel neural signal amplifier. The amplified signals are accessed *via* an oscilloscope (Agilent 2024A, Palo alto City, CA, USA) for waveform display and also by a multi-channel neural signal analysis system (with a 128-channel neuro-signal processor and Cerebus analysis software). We used two parallel monitoring systems for the MEA output signals to enable cross-validation of the results of the signal analysis. The cross-validation indicated that multi-channel neural signal analysis system is not necessary in future VTMM systems.

Cells and reagents {#sec2-2}
------------------

We used the following two types of models to obtain neuronal networks in the present study:

1)Primary hippocampal neuronal cells were isolated from fetuses taken from 18-day pregnant Sprague-Dawley rats (QingLongShan Animal Breeding Center). The mother rats were specific-pathogen-free and had a body mass of approximately 350.00 g. The total number of pregnant rats was 60. Approximately eight embryos were isolated from each rat. The number of male and female embryos was equal.2)Hippocampal slices from 14-day neonatal Sprague-Dawley rats (QingLongShan Animal Breeding Center) were dissected and prepared. The rats were specific-pathogen-free and had a body mass of approximately 35.00 g. The total number of rats was 100, with an equal number of males and females. Approximately three brain slices containing the bilateral hippocampus area were collected from each rat.

We used the following reagents: Dulbecco\'s modified Eagle\'s medium and neurobasal medium (Gibco, Grand Island, NY, USA), fetal calf serum (HyClone, Logan, UT, USA), acetylcholine and agar A (Generay, Shanghai, China), double resistant, B27, glutamine, glutamic acid, D-glucose, and poly-L-lysine (Sigma, Milwaukee, WI, USA), alcohol, NaCl, KCl, KH~2~ PO~4~, MgSO~4~, NaHCO~3~, and CaCl~2~ (Nanjing Reagent, Nanjing, China).

All animal procedures were approved by the Institutional Animal Care and Use Committee of Southeast University of China for the use of laboratory animals (approval No. SYXK (Su) 2010-0004, Southeast University, Nanjing, China).

All animal experiments were performed in strict accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals (1988.11.1), and all efforts were made to minimize suffering (approval No. 20100831001; Southeast University, Nanjing, China).

Preparation of neuro-chips with hippocampal neurons {#sec2-3}
---------------------------------------------------

At the beginning of each experiment, we prepared hippocampal neuronal chips for use with the MEA according to the following steps:

1)The MEA chamber was immersed in 75% ethanol for 30 minutes, dried, and sterilized using ultraviolet light for 8 hours.2)Poly-L-lysine solution (0.10 mg/mL) was added to the culture chamber, completely immersing all electrodes.3)The MEA was incubated for 24 hours at 37°C with 5% CO~2~ and saturated humidity.4)The poly-L-lysine solution was removed, and the MEA was rinsed with sterilized ultra-pure water and dried on a medical purification worktable.

For the hippocampal neuronal network, whole brain tissue was first dissected at a low temperature (4°C) from a fetal rat taken from an 18-day pregnant Sprague-Dawley rat euthanized *via* cervical dislocation. The brain tissue was dissected and subjected to digestion with pancreatic enzymes to obtain isolated/scattered hippocampal neurons. Afterwards, the primary hippocampal neuronal cells were seeded on the surface of the MEA with a cell density of 4 × 10^5^/cm^2^ in inoculation medium, which comprised neurobasal medium supplemented with 1% B27, 1 mM glutamine, and 25 µM glutamine acid. After 4 hours, the inoculation medium was replaced with growth medium (neurobasal medium supplemented with 1% B27 and 0.50 mM glutamine). The neurons were cultured in an incubator at 37°C with 5% CO~2~ and saturated humidity for 13 days for successive experiments.

Preparation of brain chips with hippocampal slices {#sec2-4}
--------------------------------------------------

We obtained rat hippocampal slices according to the following steps:

1)Whole brain tissue was quickly separated from 14-day-old neonatal Sprague-Dawley rats euthanized *via* cervical dislocation.2)The brain tissue was washed with cool (≤ 4°C) oxygenated (95% O~2~, 5% CO~2~) artificial cerebrospinal fluid (132.0 mM NaCl, 2.0 mM KCl, 1.2 mM KH~2~ PO~4~, 1.1 mM MgSO~4~, 19.0 mM NaHCO~3~, 2.5 mM CaCl~2~, 10.0 mM D-glucose, pH 7.2--7.4).3)The brain tissue was embedded in 5% agar. After the agar solidified, the brain tissue was transversely dissected (coronal slice) along the longitudinal axis of the brain into 400-µm-thick slices using a tissue slicing machine (McIlwain tissue chopper, Redding City, CA, USA). The slices were soaked in oxygenated artificial cerebrospinal fluid (25°C, 95% O~2~, 5% CO~2~).4)The hippocampal area was dissected from each brain tissue slice and placed onto the electrode area of the MEA (no directional restrictions other than aim to cover the entire electrode area). Growth medium (the same as that used for primary hippocampal neurons) was added and replaced for successive experiments.

Measurement of normal voltage thresholds and voltage thresholds under different influential factors {#sec2-5}
---------------------------------------------------------------------------------------------------

After preparing the two kinds of neural chips, we divided them into four experimental groups. The purpose of the first group was to confirm the normal voltage threshold without interference factors (*n* = 6). We subjected the neural chips in the other three groups to acetylcholine, alcohol, and temperature (*n* = 5), respectively.

After allowing 13 days for the hippocampal neuronal network cultures to grow, we examined the neuronal networks or hippocampal slices prepared on the MEA using a microscope (BX51; Olympus, Tokyo, Japan). One electrode located under the neuronal network was selected as the stimulation site, and the remaining electrodes were used as detection sites.

After each MEA was connected to the test system, we assessed the state of the connected neural network for 10 minutes. If we observed no synchronous spontaneous activity on the oscilloscope, the cultured neural network was considered to meet the experimental requirements. We then applied an asymmetric charge-balanced biphasic pulse to the stimulating electrode. The durations of the positive and negative phases were 2.00 ms and 0.20 ms, respectively (**[Figure 2](#F2){ref-type="fig"}**). At body temperature (37°C), the amplitude of the negative phase began at 0 mV and increased in 1-mV steps, while the amplitude of the positive phase was adjusted proportionally. The test period was 5 minutes for each amplitude, with a 3-minute interval between stimuli.

![Waveform of the stimulation pulse.\
Threshold was defined as the amplitude of the negative phase. The ordinate is the ratio of the voltage amplitude between positive and negative pulses (no unit), indicating that the amplitude of the negative wave is 10 times that of the positive wave. The abscissa denotes time in ms, indicating that the duration of the forward wave was fixed at 2 seconds and the duration of the negative wave was fixed at 0.2 seconds.](NRR-13-1026-g003){#F2}

During testing, the electrical signals from the detection electrodes were observed in real time via the oscilloscope. When one or more typical neural action potentials were observed in the waveforms at different sites, the amplitude of the negative phase was reported as the voltage threshold *V*~Th~. The neural responses monitored using the oscilloscope were compared with the synchronous recordings made by the 128-channel neuro-signal processer (the signal waveforms recorded by the 128-channel neuro-signal processer were read and plotted by using Matlab software). In this paper, we defined the *V*~Th~ value measured under normal conditions (hippocampal neuronal networks at 37 °C with a cell density of 4 × 10^5^/cm^2^ after 13 days of culture; 400-µm-thick hippocampal slices from 14-day-old neonatal Sprague-Dawley rats) as the normal *V*~Th~. This was used as the reference value for defining excitatory and inhibitory states.

We conducted six independent threshold evaluations with six different batches of mice. Given the cumulative effect of external factors during continuous testing, each chip (hippocampal neuronal network or hippocampal slice) could only be used for one threshold detection experiment (we conducted 5 independent parallel experiments to measure *V*~Th~ under different influential factors).

The VTMM determines the influence of an extrinsic factor on a quiescent neuronal network by measuring a series of *V*~Th~ values for different quantities of that factor. We demonstrated the efficacy of the method using the following three influential factors---ACh, EtOH, and temperature.

The first influential factor was ACh. After preparing a neuronal network or hippocampal slice on the MEA, the culture medium in the MEA chamber was replaced with test medium, *i.e*., fresh growth medium containing a given concentration of ACh (*C*~ACh~). *C*~ACh~ was increased from 0 µM in 5.5 µM steps. After 3 minutes of incubation, we measured the *V*~Th~ values under the influence of *C*~ACh~, and obtained *V*~Th~-- *C*~ACh~ data.

EtOH was chosen as the second influential factor. The growth medium in the neuronal network or hippocampal slice prepared in the MEA chamber was replaced with test medium containing a defined concentration of EtOH (*C*~EtOH~). *C*~EtOH~ was increased from 0 mM in 10.00 mM steps. After 3 minutes of incubation, we measured *V*~Th~ values under the influence of *C*~EtOH~, to assess the *V*~Th~--*C*~EtOH~ relationship.

The third influential factor was the temperature of the medium (*T*~m~). *T*~m~ was adjusted from 30--45°C (the range of human body temperature) in 1°C steps. The *V*~Th~ value under a given *T*~m~ was measured 3 minutes after the temperature adjustment to obtain a set of *V*~Th~--*T*~m~ data.

Data processing and analysis {#sec2-6}
----------------------------

We used SPSS 20.0 software (IBM, Armonk, NY, USA) to test the normal distribution of the results from parallel groups. When the data were normally distributed (*P* \> 0.05), we calculated the mean and standard deviations (mean ± SD) of test results from the parallel groups (*n* = 6 for the normal *V*~Th~ and *n* = 5 for the acetylcholine, alcohol, and temperature groups) under the same conditions. We then plotted the relationship curves of the threshold voltages for the two kinds of neural networks for the four conditions. The threshold variation results for the different *C*~ACh~ levels had a linear fit, the threshold variation results for the different *C*~EtOH~ levels had an exponential fit, and the threshold variation results for the different temperatures had a U-shape.

Results {#sec1-3}
=======

Neuronal networks and the locations of the stimulating electrodes on the MEA {#sec2-7}
----------------------------------------------------------------------------

[Figure 3A](#F3){ref-type="fig"} shows photos of hippocampal neurons cultured under normal growing conditions for 13 days, forming the desired neuronal networks. **[Figure 3B](#F3){ref-type="fig"}** shows that the hippocampal slice effectively covered the electrode area on the MEA. **[Figure 3](#F3){ref-type="fig"}** also shows the electrode chosen as the stimulating site in each case (the position of the stimulating electrode was not constant among samples. In practice, stimulating electrodes were chosen among any of the electrodes that were covered by the cultured neural network, and the remaining electrodes were used for detection).

![Microscope images of the neuronal networks and the locations of the stimulating electrodes on the microelectrode array.\
(A) Cultured hippocampal neuronal network after 13 days; (B) hippocampal slice. The electrical potential in the region denoted by the yellow box has a highly excitatory effect, and the electrodes in the region denoted by the blue frame are extremely sensitive.](NRR-13-1026-g004){#F3}

Normal voltage thresholds of neuronal networks {#sec2-8}
----------------------------------------------

Because the waveform and the frequency of the stimulus artifacts clearly indicated that they were artificially generated, and the interval between stimulus artifacts was constant, they were easily distinguished from the evoked action potential signals. Therefore, we focused on the waveform details of the captured evoked action potential signals. Upon applying electrical stimulation under normal conditions at 37°C, **[Figure 4](#F4){ref-type="fig"}** shows the typical signal waveforms produced by the two types of neuronal networks recorded by the 128-channel neuro-signal processer. **[Figure 5](#F5){ref-type="fig"}** shows screenshots of the oscilloscope with the signals detected from four channels. Both scales are 2 ms/grid.

![Typical waveforms of the evoked neural action potentials for two types of neuronal networks recorded by a 128-channel neuro-signal processer.\
(A) Hippocampal neuronal network at 60-mV stimulation amplitude; (B) hippocampal slice at 30-mV stimulation amplitude.](NRR-13-1026-g005){#F4}

![Oscilloscope images of typical waveforms of the evoked neural action potentials for two types of neuronal networks\
(A) Hippocampal neuronal network at 60-mV stimulation amplitude; (B) hippocampal slice at 30-mV stimulation amplitude.](NRR-13-1026-g006){#F5}

As shown in **Figures [4](#F4){ref-type="fig"}** and **[5](#F5){ref-type="fig"}**, all action potentials exhibited a consistent pattern. Their waveforms contained two parts: the first was a negative peak with a high amplitude but short duration, and the second was a positive peak with a low amplitude and long duration. The action potentials were approximately 1.50 ms long.

As listed in **[Table 1](#T1){ref-type="table"}**, the normal *V*~Th~ of the hippocampal neuronal networks (56.00 mV) was higher than that of the hippocampal slices (31.17 mV). The threshold is expressed as a positive potential because the recordings were extracellular field potentials.

###### 

Normal *V*~Th~ of the neuronal networks

![](NRR-13-1026-g007)

*V*~Th~ under the influence of ACh {#sec2-9}
----------------------------------

The measured *V*~Th~ values from the two types of hippocampal neuronal networks under the influence of different *C*~ACh~ levels are listed in **Additional Table 1**, and the fitted *V*~Th~-C~ACh~ curves are plotted in **[Figure 6](#F6){ref-type="fig"}**. The mean *V*~Th~ was taken from five independent experiments (five different cultures from five different animals).

###### 

*V*~Th~ values of the neuronal networks under the influence of different *C*~ACh~.

###### 

Click here for additional data file.

![The measured and fitted voltage threshold (*V*~Th~) *versus* the concentration of acetylcholine (*C*~ACh~) in two types of hippocampal neuronal networks.\
Each *V*~Th~ curve encompasses the mean ± SD (*n* = 5) of five independent experiments (five different cultures from five different animals).](NRR-13-1026-g008){#F6}

The curves plotted in **[Figure 6](#F6){ref-type="fig"}** indicate that the *V*~Th~ values for the two types of neuronal networks form an approximately linear decreasing function of *C*~ACh~. Thus, the electrical excitability of the neuronal networks decreased with increasing *C*~ACh~. When 33 µM and 22 µM of *C*~ACh~ were applied to the hippocampal neuronal networks and hippocampal slices, respectively, action potentials could be elicited from both hippocampal neuronal networks without any electrical stimulation. The linear fits of the *V*~Th~ versus *C*~ACh~ values shown in **[Figure 6](#F6){ref-type="fig"}** had negative slopes of −1.96 and −1.55 mV·µM^−1^ for the hippocampal neuronal networks and hippocampal slices, respectively. The negative slope for the hippocampal neuronal networks was steeper than that for the hippocampal slices.

*V*~Th~ under the influence of EtOH {#sec2-10}
-----------------------------------

The measured *V*~Th~ values from the two types of hippocampal neuronal networks under the influence of different *C*~EtOH~ levels are listed in **Additional Table 2**, and the fitted *V*~Th~- *C*~EtOH~ curves are plotted in **[Figure 7](#F7){ref-type="fig"}**. The mean *V*~Th~ was taken from five independent experiments (five different cultures from five different animals).

###### 

*V*~Th~ values of the neuronal networks under the influence of different *C*~EtOH~.

###### 

Click here for additional data file.

![The measured and fitted voltage threshold (*V*~Th~) versus the concentration of ethanol (*C*~EtOH~) in two types of hippocampal neuronal networks.\
Each *V*~Th~ curve encompasses the mean ± SD (*n* = 5) of five independent experiments (five different cultures from five different animals).](NRR-13-1026-g009){#F7}

The curves plotted in **[Figure 7](#F7){ref-type="fig"}** indicate that the *V*~Th~ values for the two types of hippocampal neuronal networks increased approximately exponentially with *C*~EtOH~, indicating that the electrical excitability of the neuronal networks decreased with increasing *C*~EtOH~. When *C*~EtOH~ exceeded 110 mM and 120 mM for the hippocampal neuronal networks and hippocampal slices, respectively, no action potentials could be elicited even with extremely high stimulating voltages (\> 2000 mV). This indicates that both hippocampal neuronal networks lost their electrical excitability completely under the influence of high *C*~EtOH~. Within the range of exponential dependence, the influence of *C*~EtOH~ was similar for the two hippocampal neuronal networks. However, the exponential growth index of the hippocampal neuronal networks (0.04) was larger than that of the hippocampal slices (0.03).

*V*~Th~ under the influence of moderate temperature {#sec2-11}
---------------------------------------------------

The measured *V*~Th~ values of the two types of hippocampal neuronal networks under the influence of moderate temperature *T*~m~ are listed in **Additional Table 3**, and the fitted *V*~Th~-*T*~m~ curves are plotted in **[Figure 8](#F8){ref-type="fig"}**. The mean *V*~Th~ was also taken from five independent experiments (five different cultures from five different animals).

###### 

*V*~Th~ values of the neuronal networks under the influence of different *T*~m~.

###### 

Click here for additional data file.

![The measured voltage threshold (*V*~Th~) *versus* the temperature of the medium (*T*~m~) in two types of hippocampal neuronal networks.\
Each *V*~Th~ curves encompasses the mean ± SD (*n* = 5) of five independent experiments (five different cultures from five different animals).](NRR-13-1026-g010){#F8}

**[Figure 8](#F8){ref-type="fig"}** shows that both curves have a U-shape and the following features:

1)When *T*~m~ rose above 37°C, *V*~Th~ decreased rapidly, indicating that the electrical excitability of the neuronal networks increased with increasing medium *T*~m~.2)When *T*~m~ exceeded 42°C and 43°C, no action potentials could be elicited from the hippocampal neuronal networks and the hippocampal slices, respectively, and the neuronal networks abruptly lost their electrical excitability. The highest temperature at which the hippocampal neuronal networks lost electrical excitability was lower than that for the hippocampal slices.3)When *T*~m~ dropped below 37°C, *V*~Th~ increased, indicating that the electrical excitability of the neuronal networks decreased with decreasing moderate *T*~m~.4)When *T*~m~ dropped below 34°C and 33°C, no action potentials could be elicited from the hippocampal neuronal networks and the hippocampal slices, respectively, and the neuronal networks abruptly lost their electrical excitability. The lowest temperature at which the hippocampal neuronal networks lost electrical excitability was higher than that for the hippocampal slices.

Discussion {#sec1-4}
==========

Neural networks cultured *in vitro* grow randomly, such that a basic network forms after a week and an obvious increase in action potentials appears after two weeks. In this study, we chose hippocampal neuronal networks cultured *in vitro* for 13 days as the candidate network for testing the VTMM. We chose this model because it was a quasi-mature network without spontaneous action potentials. In our study, we did not observe any synchronous spontaneous action potentials during the 10 minutes before each test.

If we did observe spontaneous action potentials from either the 13-day *in vitro* cultured hippocampal neuronal networks or the hippocampal slices, we would expect them to be highly random and non-synchronized. In this paper, we used electrical stimulation to induce action potentials. There was an obvious causal relationship between evoked action potentials and stimulus pulses, indicating the evoked action potentials had a strict "full" or "no" effect, which is similar to the threshold effect seen in individual neurons. Furthermore, the evoked action potentials had a high and stable degree of network synchronization, and all of the detection electrodes could record signals synchronously.

In current MEA-based studies, captured action potentials are mainly judged by the parameters of intracellular and external action potential waveforms. The waveform of such evoked action potentials is relatively simple, fixed, and similar to a typical action potential in a behaving organism (Lewicki, 1998; Scott et al., 2013; Xu et al., 2014). Thus, the evoked action potentials are easily identified using an oscilloscope. Oscilloscopes are capable of real-time, complete, and objective displays of detected signals. Thus, they are frequently used for real-time recording, observation, and screening of detected signals.

Our results show that 1) the neural signal acquisition system and the oscilloscope could record the evoked signals, and 2) all of the evoked signals recorded were consistent with the relevant parameters for extracellular stimulation and thus could be classified as typical evoked action potentials. However, given that the signals recorded by the neural signal acquisition system require redrawing by other built-in signal processing software or custom software for analysis, use of the oscilloscope is a simpler method. Our results also show that the normal voltage thresholds of hippocampal neuronal networks are higher than those of hippocampal slices, indicating that hippocampal neuronal networks have lower electrical excitability and require a higher stimulus current to induce action potentials.

ACh is widely distributed in the central and peripheral nervous systems as an excitatory neurotransmitter and participates in the regulation of physiological functions and information transmission. Nevertheless, it has mostly been studied in terms of its physiological functions, and at a restricted concentration range of 10--40 µM (Gross et al., 1995).

To data, no studies have reported on the *V*~Th~-C~ACh~ relationship. Here, we found that for *C*~ACh~ levels equal to or greater than 5.50 µM (1 µg/mL), ACh increases the electrical excitability of hippocampal neuronal networks and hippocampal slices by linearly decreasing *V*~Th~. When *C*~ACh~ was increased to 33 µM and 22 µM in the hippocampal neuronal networks and hippocampal slices, respectively, action potentials could be evoked in both types of neuronal networks without electrical stimulation. We found that the negative slope for the hippocampal neuronal networks was steeper than that for the hippocampal slices, indicating that the decrease in *V*~Th~ had an earlier effect on the hippocampal neuronal networks, and that the effect of Ach on hippocampal neuronal networks is more prominent.

Previous studies have shown that ethanol can affect the synthesis and delivery of many types of neurotransmitters, interfere with the activity of receptor pathways and voltage-gated ion channels, induce hyperpolarization of the postsynaptic membrane, affect the generation, transmission, and processing of neural signals, thus altering neural activity in the brain, and cause extensive inhibition in the central nervous system (Ramezani et al., 2003; Moonat et al., 2010; Azam et al., 2012; Li et al., 2013). Benson et al. (1989) studied the effect of ethanol on cultured hippocampal neurons using the patch clamp method and found that ethanol concentrations ranging from 50 to 100 mM induced marked inhibition of neuronal discharge. Based on data collected from cortical neurons cultured on an MEA and statistical analyses of long-term neural signals detected at all of the electrodes (30--60 minute recordings for each ethanol concentration), Xia and Gross (2003) reported that ethanol ranging from 10 to 160 mM decreased electrical excitability in neuronal networks. The activity of neuronal networks, *i.e*., the rate and duration of activity, decreased with increasing *C*~EtOH~ until activity stopped upon *C*~EtOH~ reaching 100 mM (Xia and Gross, 2003).

In the present study, *V*~Th~ increased with increasing *C*~EtOH~, and the electrical excitability of the neuronal networks was progressively inhibited. When *C*~EtOH~ exceeded 110 mM, the electrical activities of the hippocampal neuronal networks were completely suppressed. These results are in accordance with the aforementioned studies. Similar results have been reported in hippocampal slices, specifically, that electrical activity was completely suppressed when *C*~EtOH~ exceeded 120 mM. Thus, the upper limits of electrical excitability of the two types of neuronal networks can be defined for ethanol.

Furthermore, the exponential growth index for hippocampal neuronal networks is larger than that for hippocampal slices, meaning that hippocampal neuronal networks respond more quickly to increasing *V*~Th~ levels, and that the influence of EtOH on hippocampal neuronal networks is more prominent.

Variations in medium temperature can cause changes in neuronal parameters. Higher temperatures can increase the ion-exchange rate, accelerate the transformation of channel proteins, influence the activity of different types of ion channels, and alter the resting potentials and depolarization rates of neurons (Schiff and Somjen, 1985; Griffin et al., 1996; Burgoon and Boulant, 2001). On the contrary, lower temperatures decrease metabolism, affect the release of neurotransmitters (Dietrich, 2009; Lenhardt, 2010), sharply reduce the Ca^2+^ current in hippocampal neuronal networks, suppress the activity of ion pumps and glutamate-gated ion channels (Tymianski et al., 1998), alter the triggering, transmission, and relative refractory period of neural signals (Micheva and Smith, 2005; Sajikumar et al., 2005), and change the rhythm of electrical activity, the firing rate, and the amplitude of spike potentials (Schiff and Somjen, 1985; Karlsson and Blumberg, 2004; Li et al., 2004). In a study on the discharge frequency of neurons at temperatures ranging from 32--39°C, Griffin et al. (1996) found that raising *T*~m~ increased the discharge frequency and excitation rate, and also shortened the interval of activation. In previous electrophysiological studies, raising *T*~m~ within the range of 32--40°C accelerated the depolarization rate of neuronal membranes, shortened the time interval of the bursts, and increased the burst rate of the signal (Burgoon and Boulant, 2001).

In this study, *V*~Th~ generally had a decreasing dependency on the *T*~m~ in the range around the body temperature: when *T*~m~ increased above 37°C, *V*~Th~ quickly dropped to several millivolts with small fluctuations, indicating that the electrical excitability of the two types of neuronal networks had been enhanced. However, when *T*~m~ decreased below 37°C, increased *V*~Th~ indicated weakened electrical excitability. Our findings are consistent with the aforementioned studies, and we further demonstrated that no action potentials could be evoked from hippocampal neuronal networks and hippocampal slices when *T*~m~ exceeded 42 and 43°C or dropped below 34 and 33°C, respectively. The observed abrupt and complete loss of electrical excitability delineates the temperature limits for electrophysiological activity of neuronal networks.

The high temperature at which hippocampal neuronal networks lost electrical excitability was lower than that for hippocampal slices, indicating that the influence of high temperatures on hippocampal neuronal networks was more prominent. The low temperature at which hippocampal neuronal networks lost electrical excitability was higher than that for hippocampal slices, indicating that the influence of low temperatures on hippocampal neuronal networks was also more prominent.

The basic concept of the VTMM was to develop a method by which the activity of neural networks could be quantitatively measured when they do not or do not yet have synchronous spontaneous activity. This is we used young (13-days) cultured hippocampal neural networks, which do not show synchronous spontaneous activity, in the present study. Cultured hippocampal neural networks and hippocampal slices were chosen as research platforms in this study because they are classic *in vitro* models that resemble the functions of normal neuronal tissue. Although their normal *V*~Th~ values vary due to their different tissue structures and cellular compositions, **Figures [6](#F6){ref-type="fig"}**--**[8](#F8){ref-type="fig"}** show the observed similarities in the trends of electrical excitability among the two types of neuronal networks under the influence of temperature, ethanol, and Ach. Our data indicate that the short culture time was appropriate.

VTMM uses an MEA, a low-cost pulse generator and an oscilloscope as measuring instruments, and takes the easily-observed amplitude of the stimulating pulse voltage as "scale" for quantitatively assessing the influence degree of external factors such as drugs and temperature on the electrical activity of neuronal networks. Using such a method, the test data defined as "voltage threshold" can be obtained from a neuronal network cultured for only 13 days. In addition, the voltage threshold can be determined by means of the observation of the waveforms on the oscilloscope, and no large-scale data processing and complicated statistical algorithms are required. The shortcoming is that there is not yet a program to automatically recognize the action potentials induced by the stimulating voltage pulses.

Conclusions {#sec1-5}
===========

We validated the efficacy and simplicity of the VTMM, introduced in this study, based on measurements from hippocampal neuronal networks and hippocampal slices under the influence of three different extrinsic factors. Our main electrophysiology results are as follows:

1)We determined the normal *V*~Th~- and *C*~ACh~-threshold values for the two types of neuronal networks, and observed approximately linearly decreasing relationships between *V*~Th~ and *C*~ACh~.2)We determined the *V*~Th~--C~EtOH~ relationships, as well as the *C*~EtOH~ limits beyond which electrical excitability is suppressed in the two types of neuronal networks.3)The *V*~Th~--*T*~m~ curves of the neuronal networks were in the vicinity of normal body temperature. We found both the upper and lower limits of the *T*~m~ beyond which electrical excitability in the two types of neuronal networks is fully suppressed.

VTMM represents an accurate and simple method for quantitatively evaluating the influences of various extracellular factors on the electrical excitability of different neuronal networks, including environmental factors such as temperature, dietary factors such as ethanol, and pharmacological factors such as ACh. Drug screening for treatment of neurological diseases is also a potential application.
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